Functional characterization of a constitutively active kinase variant of Arabidopsis phototropin 1 by Petersen, Jan et al.
Functional characterization of a constitutively active kinase
variant of Arabidopsis phototropin 1
Received for publication,May 30, 2017, and in revised form, June 21, 2017 Published, Papers in Press, June 29, 2017, DOI 10.1074/jbc.M117.799643
Jan Petersen‡, Shin-ichiro Inoue§, Sharon M. Kelly‡, Stuart Sullivan‡, Toshinori Kinoshita§¶, and JohnM. Christie‡1
From the ‡Institute of Molecular, Cell, and Systems Biology, College of Medical, Veterinary, and Life Sciences, University of Glasgow,
Bower Building, GlasgowG12 8QQ, United Kingdom, the §Division of Biological Science, Graduate School of Science and ¶Institute
of Transformative Bio-Molecules (WPI-ITbM), Nagoya University, Chikusa, Nagoya 464-8602, Japan
Edited by Joseph Jez
Phototropins (phots) are plasma membrane–associated ser-
ine/threonine kinases that coordinate a range of processes
linked to optimizing photosynthetic efficiency in plants. These
photoreceptors contain two light-, oxygen-, or voltage-sensing
(LOV) domains within their N terminus, with each binding
one molecule of flavin mononucleotide as a UV/blue light–
absorbing chromophore. Although phots contain two LOV
domains, light-induced activation of the C-terminal kinase
domain and subsequent receptor autophosphorylation is con-
trolled primarily by the A-LOV2-J photosensory module.
Mutations that disrupt interactions between the LOV2 core and
its flanking helical segments can uncouple this mode of light
regulation. However, the impact of these mutations on phot
function in Arabidopsis has not been explored. Here we report
that histidine substitution of Arg-472 located within the A-
helix of Arabidopsis phot1 constitutively activates phot1 kinase
activity in vitro without affecting LOV2 photochemistry.
Expression analysis of phot1 R472H in the phot-deficient
mutant confirmed that it is autophosphorylated in darkness in
vivobut unable to initiate phot1 signaling in the absence of light.
Instead, we found that phot1 R472H is poorly functional under
low-light conditions but can restore phototropism, chloroplast
accumulation, stomatal opening, and leaf positioning and
expansion at higher light intensities. Our findings suggest that
Arabidopsis can adapt to the elevated phosphorylation status
of the phot1 R472H mutant in part by reducing its stability,
whereas the activity of the mutant under high-light conditions
can be attributed to additional increases in LOV2-mediated
photoreceptor autophosphorylation.
Plant growth and development is intricately coordinated by a
range of photoreceptor systems that respond to light quality,
duration, and intensity. These include the red/far-red light–
sensing phytochromes (phyA–E), the UV-B–specific photore-
ceptor UVR8, and several flavin-based blue light receptors (1).
The latter is comprised of three different photosensory pro-
teins: the cryptrochromes, the Zeitlupe family, and the pho-
totropins (2). Arabidopsis contains two phototropins (phot1
and phot2) that control a variety of processes involved in opti-
mizing photosynthetic light capture. These include phototro-
pism, leaf positioning and expansion, chloroplast relocation
movement, and stomatal opening (3). Consequently, phot-de-
ficient mutants of Arabidopsis are compromised in their bio-
mass under low-light conditions because of reduced photosyn-
thetic productivity (4).
Phots2 are plasma membrane–associated serine/threonine
kinases that exhibit receptor autophosphorylation following
blue light irradiation (5). Although autophosphorylation occurs
onmultiple sites throughout the protein (6, 7), phosphorylation
of two serine residues within the activation loop of the kinase
domain has been reported to be essential for phot function (6,
8). Autophosphorylation of phots can be monitored in vitro in
the presence of radiolabeled ATP following their heterologous
expression in insect cells (9–11). Light regulation of phot
kinase activity is mediated by a photosensory region within the
N terminus of the protein. This region contains two light-, oxy-
gen-, or voltage-sensing (LOV) domains that bind oxidized
flavin mononucleotide (FMN) as a UV/blue light–absorbing
cofactor (12). The FMN chromophore is bound non-covalently
within the center of the LOV domain formed by several -heli-
ces and a five-stranded-sheet scaffold, a structure that is char-
acteristic for members of the Per-ARNT-Sim (PAS) superfam-
ily (13). Upon photoexcitation, a flavin triplet state is produced
(14) that subsequently leads to the formation of a covalent bond
between the FMN isoalloxazine ring and a conserved cysteine
residue (15, 16). Formation of this flavin–cysteinyl adduct is a
hallmark of LOV domain photochemistry and is fundamental
for triggering the activation of this protein-based photoswitch
(17). Although phots contain two LOV domains, LOV2 func-
tions as the principal light sensor regulating receptor autophos-
phorylation and signaling (18–20). In contrast, LOV1 appears
to modulate the action of LOV2 (19, 21, 22) and may also be
involved in mediating receptor dimerization (23).
A central role for the LOV2 domain in regulating phot kinase
activity is derived from its position within the photoreceptor
molecule. Helical segments flanking the N and C terminus of
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the LOV2 core, known as A and J, respectively (24), are
important in this regard (2, 17). The A-LOV2-J region is
proposed to form a closed or inactive conformation with the
C-terminal kinase domain and acts to repress phot kinase activ-
ity in darkness (21). Light sensing by LOV2 results in structural
changes in A (25) and J (26), which alleviate this repressive
and promoteATPbinding to the kinase domain (27). Side chain
rotation of a conserved glutamine residue within the LOV
domain has a central role in propagating these structural alter-
ations at the -sheet surface (28). FMN–cysteinyl adduct for-
mation results in the flipping of this side chain to temporarily
alter its hydrogen bondingwith the FMNchromophore (29). As
a result, mutation of this glutamine within the LOV2 domain
attenuates light-activated disordering of the J-helix (30, 31)
and consequently impacts light-induced autophosphorylation
of Arabidopsis phot1 in vitro (31, 32).
Disrupting interactions between the A or J and the LOV2
core through site-directed mutagenesis has been shown to
uncouple its photoregulatory mode of action. The J-helix is
amphipathic in character, consisting of a polar and hydropho-
bic side, the latter of which docks onto the -sheet surface of
the LOV2 core (24, 26). Mutation of Ile-608 to glutamate at the
apolar side of J in Arabidopsis phot1 results in receptor auto-
phosphorylation in the absence of light (20, 32, 33). Similarly,
mutations in A diminish the ability of LOV2 to repress
the kinase activity of Chlamydomonas phot (34). A is
amphipathic like J and binds to the LOV2 core via hydropho-
bic interactions in darkness (24). Molecular dynamic simula-
tions suggest that A interacts with J under these conditions,
and these interactions are disrupted upon irradiation (25, 35).
Time-resolved transient gating experiments, however, indicate
that the unfolding of these helices occurs independently (36).
To date, the impact of A and Jmutations on phot1 func-
tion in Arabidopsis and whether a constitutively active kinase
variant can initiate phot signaling in the absence of a light stim-
ulus has not been explored. An arginine-to-histidine substitu-
tion in the A of tomato phot1 (R495H) is reported to impair
photoreceptor signaling (37), but an equivalent mutation in
Chlamydomonas phot (R210H) has been shown to exhibit con-
stitutive kinase activity in vitro (34). In this study, we clarify the
role of the A-helix in regulating Arabidopsis phot1 kinase
activation by investigating the impact of the R472H substitu-
tion on its photochemical, biochemical, and functional proper-
ties. Despite exhibiting constitutive kinase activity in vitro and
in vivo, phot1R472Hwas unable to initiate receptor signaling in
Arabidopsis in the absence of a light stimulus. By contrast, light
responsiveness was readily observed in phot1 R472H express-
ing lines under higher-light conditions. Although these find-
ings demonstrate the importance of A in regulating phot1
kinase activity, they also highlight potential limitations in
employing A- and J-helix mutations to constitutively acti-
vate phot1 signaling in planta.
Results
Phot1 R472H is constitutively active in vitro
Our previous studies have shown that the Jmutation I608E
activates phot1 autophosphorylation in the absence of light (20,
32, 33). Such mutations can therefore be used to artificially
bypass the requirement of LOV2 to induce phot1 kinase activ-
ity. Mutations in A have also been shown to uncouple light-
dependent kinase regulation (34). Chlamydomonas phot puri-
fied from Escherichia coli can phosphorylate an N-terminal
fragment of Arabidopsis phot1 as a substrate in a light-depen-
dent manner (21). Mutations in A, including R210H elevated
substrate phosphorylation in darkness relative to the WT pro-
tein (34). However, the impact of these mutations on the auto-
phosphorylation activity ofChlamydomonaswerenot so apparent.
The autophosphorylation activity of phots can be readily
monitored in the presence of radiolabeled ATP following their
expression in insect cells (5, 9, 11). We therefore used this
approach to examine the impact of the A-helix mutation
R472H on the kinase activity of Arabidopsis phot1. Insect cells
infected with a recombinant baculovirus were grown in com-
plete darkness and harvested under dim red light, and total
protein extracts were isolated for in vitro phosphorylation anal-
ysis.As shown inFig. 1A, phot1exhibitsbasal levelsof autophos-
phorylation activity in darkness and increases following a brief
irradiation with saturating intensities of white light. Replace-
ment of Arg-472 with histidine in the A-helix increased
receptor autophosphorylation in the absence of light relative to
theWTprotein, consistentwith the proposal that thismutation
Figure 1. Effect of the R472H mutation on the autophosphorylation
activity of Arabidopsis phot1 expressed in insect cells. A, autoradiograph
(left panel) showing light-dependent autophosphorylation activity of phot1
and the R472H mutant in protein extracts from insect cells. Protein extracts
were prepared under dim red light, followed by kinase assays given a mock
irradiation (D) or irradiatedwithwhite light (L). Immunoblot analysis of phot1
protein levels is shown below. B, impact of photochemically inactivating the
LOV domain on phot1 R472H kinase activity. The autoradiograph (left panel)
shows light-dependent autophosphorylationactivityofphot1R472Hharbor-
ing the LOV1 mutation C234A or the LOV2 mutation C512A. Immunoblot
analysis of phot1 protein levels is shown below. In each case, kinase activity
was quantified from the autoradiographs with ImageJ and expressed as a
percentage of maximal autophosphorylation (error bars indicate S.E., n
3). Significantdifferencesbetweenautophosphorylation in the irradiatedand
mock irradiation control are indicated (*, p 0.05, Student’s t test).
Impact of A on Phot1 signaling
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can uncouple the repressive action of the A-LOV2-J
photoswitch.
Residual light–induced autophosphorylation in phot1 R472H
ismediated by LOV2
Despite exhibiting increased receptor autophosphorylation
in darkness, phot1 R472H also showed a remaining level of
light-induced autophosphorylation (Fig. 1A). Similar residual
increases in autophosphorylation have also been observed for
Arabidopsis phot1 harboringmutations in the J-helix (32, 33).
To investigate whether the remaining level of light-induced
autophosphorylation detected for phot1 R472H could be
assigned to LOV1or LOV2,we incorporatedmutations that are
known to impair their photochemical reactivity. Incorporation
of the C512A mutation in LOV2 was found to abolish light-
induced autophosphorylation in phot1 R472H. These findings
indicate that the light-induced autophosphorylation observed
for phot1 R472H can be attributed to residual LOV2 photoac-
tivity (Fig. 1B) (19, 32). Consistent with this conclusion, impair-
ing LOV1 photochemistry by incorporating the C234A muta-
tion did not affect the autophosphorylation activity of the
R472H mutant. Together, these findings demonstrate that,
although phot1R472Hexhibits autophosphorylation activity in
darkness, the A-LOV2-J photoswitch can still mediate
residual responsiveness under saturating light conditions.
LOV2 R472H exhibits light-induced structural changes
Expression and purification of individual LOV domains in
E. coli provides a rapid means to monitor the effects of point
mutations on their photochemical properties (38). We there-
fore examined whether the R472H mutation could impact the
spectral characteristics ofArabidopsis phot1.WT andmutated
forms of the LOV1 and 2 region of the phot1 protein, including
the A- and J-helix (amino acids 180–628), were expressed
and purified from E. coli as N-terminal calmodulin-binding
peptide fusions (12). The WT protein and R472H mutant
exhibited identical absorption spectra with absorptionmaxima
at 375, 447, and 475 nm (supplemental Fig. S1). In both cases,
irradiation resulted in the formation of an FMN–cysteinyl
adduct that coincided with a loss of absorption at 447 nm (data
not shown).Dark decay of this photoproductwasmonitored for
both theWT and the R472Hmutant. Again, the R472Hmutant
displayed properties that were indistinguishable from the WT,
with dark reversion being completed within 400 s (supplemen-
tal Fig. S1). Based on these findings, we conclude that the A
R472H mutation uncouples the repressive action of LOV2
without impacting its spectral characteristics.
CD spectroscopy can be used to probe structural changes
associated with the LOV domain in response to irradiation (30,
39).Weused this approach to examine the secondary structural
content of the A-LOV2-J region bymonitoring its far ultra-
violet spectrum. In our hands, the CD spectrum for phot1 A-
LOV2-J exhibited a small but reproducible change in spectral
intensity after irradiation with blue light (Fig. 2A). These light-
induced changeswere also apparent for the R472Hmutant (Fig.
2B). These structural changes are smaller compared with those
reported previously for the LOV2-J region of oat phot1 (30,
40, 41). However, their occurrence in the R472Hmutant corre-
lates well with our insect cell expression data showing that the
R472Hmutant is still capable ofmediating residual increases in
receptor autophosphorylation under saturating light condi-
tions (Fig. 1).
Phot1 R472H is autophosphorylated in darkness in vivo
To examine the impact of the R472H mutation in vivo, we
generated transgenic Arabidopsis lines expressing phot1
R472H fused to green fluorescent protein (p1-GFP R472H) in
the phot1 phot2 double mutant under the control of the native
PHOT1 promoter. Three independent p1-GFP R472H lines
(1–3) were chosen for analysis, and a transgenic line expressing
phot1-GFP (p1-GFP) was included for comparison. Immuno-
blot analysis of total protein extracts from 3-day-old etiolated
seedlings showed that phot1 R472H protein levels were lower
in comparison with those observed in the p1-GFP line and in
WT Arabidopsis seedlings (Fig. 3A). The low protein levels
observed for phot1 R472H were not a consequence of poor
expression because PHOT1 transcripts were readily detect-
able in each of the transgenic lines (Fig. 3B). It is therefore
likely that the R472H mutation has an impact on phot1 pro-
tein abundance.
Autophosphorylation of phot1 results in a reduced electro-
phoretic mobility that can be readily detected by immunoblot-
ting (42). We therefore used this property to determine the
Figure 2. Light-induced structural changes of phot1 A’-LOV2-Jmea-
sured by far UV circular dichroism spectroscopy (190–260 nm). A, CD
spectra of phot1 A’-LOV2-J in the dark (solid line) or after irradiation with
blue light (dashed line). B, CD spectra of phot1 A’-LOV2-J carrying the
R472Hmutation in the dark (solid line) and after blue light treatment (dashed
line). Data shown for each protein represent the average of two scans, col-
lected at a scan rate of 50 nmmin1 using a bandwidth of 1 nm.
Impact of A on Phot1 signaling
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autophosphorylation status of phot1 R472H in vivo. As shown
in Fig. 3A, protein extracts were harvested from etiolated seed-
lings either maintained in darkness or irradiated with blue light
(20 mol m2 s1 for 15 min). Immunoblotting showed a
reduction in the electrophoretic mobility for phot1 following
irradiation, indicative of receptor autophosphorylation (Fig.
3A). Moreover, this analysis revealed that the R472H mutant
displays a reduced electrophoretic mobility even in darkness
(Fig. 3A). These findings therefore demonstrate that this vari-
ant exhibits constitutive kinase activity when expressed in
Arabidopsis.
Phot1 R472H does not impair photoactivation of early
signaling events
Because our analysis showed that phot1 R472H is autophos-
phorylated in darkness in etiolated Arabidopsis, we examined
whether this activity was sufficient to initiate early events asso-
ciated with phot1 signaling. Non-phototropic hypocotyl 3
(NPH3) is essential for phototropism in Arabidopsis (43–45)
and is rapidly dephosphorylated in response to phot1 activation
(46). We therefore investigated whether the phosphorylation
status of NPH3 is altered in seedlings expressing the R472H
mutant. Etiolated seedlings were either maintained in darkness
or irradiated with blue light (20 mol m2 s1 for 15 min), and
total protein extracts were harvested for immunoblot analysis.
As expected, blue light enhanced the electrophoretic mobility
of NPH3 in the p1-GFP line but not in the phot1 phot2 double
mutant (Fig. 4A), consistentwith it being dephosphorylated in a
phot1-dependent manner. Dephosphorylation of NPH3 was
also apparent in the p1-GFP R472H lines (Fig. 4A). Further-
more, NPH3 was present as its phosphorylated form under
dark conditions. These findings demonstrate that phot1
R472H is light-responsive in vivo but unable to initiate early
signaling events in the absence of light despite already being
autophosphorylated.
Phot1 R472H is functional at higher light intensities
Having demonstrated that phot1 R472H could induce NPH3
dephosphorylation in response to light, we next assessed its
ability to restore phototropism in the phot1 phot2 double
mutant. Phot1 can mediate second-positive hypocotyl photot-
ropism over a wide range of fluence rates of directional blue
light (10). We first monitored the second-positive phototro-
pism response of etiolated seedlings irradiated with 0.5 mol
m2 s1 of unilateral blue light for 24 h (Fig. 4B). For WT and
p1-GFP seedlings, hypocotyl curvature reached an angle of
80° during this period. However, phototropism was only par-
tially restored in p1-GFP R472H seedlings at these light inten-
sities, reaching a curvature angle of 30°. In contrast, the
p1-GFP R472H lines displayed a more prominent curvature
Figure 3. Expression of p1-GFP R472H in the phot1 phot2doublemutant
(p1p2). A, immunoblot analysis of total protein extracts from 3-day-old etio-
lated seedlings of p1-GFP and three independent p1-GFP R472H transgenic
lines (R472H 1–3). Total protein extracts were isolated from seedlings either
maintained indarkness (D) or irradiatedwith20molm2 s1ofblue light for
15min (L) andprobedwith anti-phot1 antibody (top panel) or antibody raised
against UDP-glucose pyrophosphorylase (UGPase) as a loading control (bot-
tom panel). The dashed line indicates the highest mobility edge. B, quantita-
tive RT-PCR analysis of PHOT1 transcript levels in each of the different
genotypes.
Figure 4. Impact of phot R472H on phototropic signaling. A, NPH3 phos-
phorylation status in p1-GFP, phot1 phot2 (p1p2), and p1-GFP R472H trans-
genic lines. Shown is immunoblot analysis of total protein extracts isolated
from 3-day-old etiolated seedlings either maintained in darkness (D) or irra-
diatedwith 20molm2 s1 of blue light for 15min (L). Protein extractswere
probed with anti-NPH3 antibody (top panel) or anti-UGPase antibody as a
loading control (bottom panel). B, hypocotyl phototropism in 3-day-old etio-
lated seedling of the WT, p1p2, p1-GFP, and the p1-GFP R472H transgenic
lines. Seedlingswere irradiatedwithunidirectional blue light at 0.5molm2
s1 (BL 0.5) or 40molm2 s1 (BL 40) for 24 h. Curvatureswere calculated as
the mean  S.E. of 40–54 seedlings. Representative images for p1-GFP and
R472H 2 are shown.
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response (60°) when hypocotyls were irradiated with higher
intensities of unilateral blue light (40 mol m2 s1, Fig. 4B).
In addition to phototropism, phots mediate a variety of
responses that combined promote plant growth through max-
imizing light capture and optimizing photosynthesis (4). These
include petiole and leaf positioning, as well as leaf expansion
(47). NPH3 is also involved in mediating these responses (47,
48). Petioles of the first true leaves ofWT and p1-GFP seedlings
grew obliquely upward when irradiated with low-intensity (10
mol m2 s1) and moderate-intensity (50 mol m2 s1)
white light, whereas the phot1 phot2 mutant seedlings dis-
played impaired responses particularly under low-light condi-
tions (Fig. 5A). Petiole positioning was not restored in the
p1-GFP R472H lines under low white light but detectable at
higher light intensities (Fig. 5A). Similarly, quantification of the
leaf expansion index (the ratio of the leaf area measured before
and after manual uncurling of the leaf) showed that all three
p1-GFP R472H lines fully complemented the epinastic curled
rosette leaf phenotype of the phot1 phot2 double mutant when
grown under higher-light conditions (80 mol m2 s1,
Fig. 5B).
Chloroplast accumulation movement is mediated by both
phot1 and phot2 and contributes to enhancing photosynthetic
productivity under low-light conditions (49). The chloroplast
accumulation response can be readily monitored by using the
slit band assay, where a dark band appears on the leaf when
irradiated with low intensities of blue light (1.5 mol m2 s1)
through a 1-mm slit (50). A dark band corresponding to chlo-
roplast accumulation was observed in rosette leaves from WT
(supplemental Fig. S2) and p1-GFP plants (Fig. 6A). However,
p1-GFPR472H lineswere not responsive under these light con-
ditions. By contrast, all three p1-GFP R472H lines, in addition
to the p1-GFP line, showed chloroplast accumulation at higher
fluence rates of blue light (40 mol m2 s1, Fig. 6A), whereas
a pale strip was detected in WT seedlings because of phot2-
mediated chloroplast avoidance movement (supplemental Fig.
S2). Taken together, these physiological studies consistently
indicate that the function of phot1 R472H in Arabidopsis is
more prominent under higher intensities of blue light.
Phot1 R472H does not promote stomatal opening in darkness
or red light
Phots also optimize photosynthesis by regulating stomatal
opening in response to blue light (51). Stomatal opening pro-
vides anothermeans to assess the functionality of phot1R472H,
especially under conditions other than blue light. We therefore
measured the stomatal aperture of epidermal strips in darkness,
when irradiated with red light, or when irradiated with red and
blue light. The phot1 phot2 double mutant is deficient in blue
light–induced stomatal opening (52). This response was
restored in epidermal strips from p1-GFP plants (Fig. 6B). No
change in stomatal aperture was observed in epidermal strips
when plants were maintained in darkness or transferred to red
light. Blue light–induced stomatal opening was apparent in the
p1-GFPR472H lines but only under higher blue light intensities
(Fig. 6B). Stomata in p1-GFP R472H lines also did not open in
darkness or under red light conditions despite the constitutive
kinase activity of the R472H mutant protein.
Phot1 R472H exhibits intermolecular receptor interactions
An equivalent A mutation (R495H) has been shown to
impair the functionality of phot1 in tomato (37). However,
these studies were performed in a heterozygous mutant back-
ground expressing both WT and R495H versions of phot1.
Endogenous phot1 protein levels were severely reduced in this
heterozygous background, leading to the proposal that phot1
R495H somehow negatively impacts the stability and function
of WT protein. To further investigate this hypothesis, we gen-
erated a heterozygous F1 cross between p1-GFP R472H (line 2)
and the phot2-1mutant. A cross between p1-GFP and phot2-1
Figure 5. Phot1 R472H is functional for leaf positioning and leaf expan-
sion. A, leaf positioning in WT, phot1 phot2 (p1p2), p1-GFP, and three inde-
pendent p1-GFP R472H transgenic lines (R472H 1–3). Plants were grown
under 80 mol m2 s1 of white light (16/8 light/dark cycles) for 7 days and
then transferred to 10 mol m2 s1 (WL 10) or 50 mol m2 s1 (WL 50)
white light (16/8 h light/dark cycle) for 5 days before seedlings were photo-
graphed. Petiole angle from the horizontal was measured for the first true
leaves. Each value is the mean S.E. of 10 seedlings. Representative images
of eachof thegenotypeare shown.B, leaf expansion responses for eachof the
genotypes. The leaf expansion index of the fifth rosette leaf was expressed as
the ratio of the leaf area before and after artificial uncurling. Each value is the
mean S.E. of 12 leaves. Images of leaf sections illustrate the leaf expansion
phenotype.
Impact of A on Phot1 signaling
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was generated for comparison. We first used these crosses to
examine whether the presence of phot1 R472H could affect the
abundance of WT phot1 in etiolated seedlings. Immunoblot
analysis of total protein extracts from the p1-GFP  phot2-1
cross showed that protein levels for phot1 and phot1-GFPwere
comparable (Fig. 7A). By comparison, protein levels for WT
phot1 were more reduced in the p1-GFP R472H  phot2-1
cross.We therefore conclude that the presence of phot1 R472H
reduces the abundance of WT phot1. We also found that the
magnitude of second-positive hypocotyl phototropism was
reduced in F1 seedlings of the p1-GFP R472H phot2-1 cross,
Figure 6. Phot1 R472H complements chloroplast accumulation move-
ment and stomatal opening at higher light intensities. A, slit band assays
of chloroplast accumulation in leaves from phot1 phot2 (p1p2), p1-GFP, and
three independent p1-GFP R472H transgenic lines (R472H 1–3). Detached
rosette leaves were placed on agar plates and irradiatedwith blue light at 1.5
molm2 s1 (BL 1.5) or 40molm2 s1 (BL 40) through a 1-mm slit for 1 h.
Arrowheads indicate the irradiated areas. Slit band intensity was quantified
using ImageJ, and the relative band intensities were expressed as the ratio of
irradiated to non-irradiated areas. Ratios of 	1 indicate accumulation. Each
value is the mean  S.E. of 12 leaves. Representative images of each of the
genotypes are shown. B, blue light–induced stomatal opening responses in
p1-GFP plants and each of the p1-GFP R472H transgenic lines. Epidermal strips
from dark-adapted plants were irradiated with red light (RL, 50 mol m2 s1)
withorwithoutblue lightateither10or40molm2 s1 for3h.Eachvalue is the
mean S.E. of 90 stomata, pooled from triplicate experiments.
Figure 7. Impact of phot1 R472H on intermolecular receptor interac-
tions. A, immunoblot analysis of total protein extracts isolated from 3-day-
old etiolated seedlings of p1-GFP, p1-GFP R472H (R472H 2), phot2-1 (p2-1),
and F1 seedlings from p1-GFP  p2-1 and R472H x p2-1 crosses. Protein
extracts were probed with anti-phot1 antibody (top panel) or anti-UGPase
antibody as a loading control (bottom panel). B, hypocotyl curvature
responses of 3-day-old etiolated seedlings for each of the different geno-
types. Seedlingswere irradiatedwithunidirectional blue light (BL) at 0.5mol
m2 s1 for 24 h. Curvatures were calculated as the mean  S.E. of 52–69
seedlings. C, transphosphorylation between phot1 R472H and phot1 in vitro.
The autoradiograph shows transphosphorylation of a kinase-inactive
(D806N) version of GST-phot1 (GST-KD) by phot1 or phot1 R472H in protein
extracts from insect cells. Immunoblot analysis of phot1 protein levels is
shown below.
Impact of A on Phot1 signaling
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whereas those of the p1-GFP phot2-1 cross were unaffected
(Fig. 7B).
Prolonged irradiationwith high-intensity blue light is known
to promote phot1 protein turnover (53, 54). Our earlier work
has also shown that phot1 autophosphorylation can occur
intermolecularly between receptor molecules (20). Continued
transphosphorylation ofWTphot1 by the R472Hmutant could
contribute to its reduced protein level in etiolated seedlings
(Fig. 6A).We therefore used the insect cell expression system to
investigate this possibility inmore detail. Specifically, we exam-
ined whether phot1 R472H could transphosphorylate a kinase-
dead (KD) version of phot1 tagged with GST. As found previ-
ously (20), WT phot1 is capable of transphosphorylating
GST-KD in a light-dependent manner (Fig. 7C). Transphos-
phorylation of GST-KD was also observed in the presence of
phot1 R472H, even in the absence of illumination. Hence, these
results confirm that phot1 R472H is capable of intermolecular
transphosphorylation at least in vitro.
Discussion
Impact of constitutive kinase activation on phot1 protein
stability
Increasing evidence has indicated that light activation of
LOV2 results in structural changes in the A’-helix as well as
the to the J-helix (36, 55). This work is consistent with such a
mechanism, whereby mutations within A’ can disrupt the
repressive action of LOV2 on phot kinase activity (34). More-
over, we assessed, for the first time, the functionality of a con-
stitutively active variant of phot1 in Arabidopsis.
Our previous attempts to characterize the in vivo function-
ality of a constitutively active kinase variant of phot1 were
unsuccessful because of insufficient protein levels despite the
presence of detectable transcripts in these transgenic lines (20).
Reduced protein levels were apparent in the p1-GFP R472H
lines generated here (Fig. 3A), making GFP imaging difficult to
perform compared with p1-GFP-expressing lines (data not
shown). However, PHOT1 transcripts in the p1-GFP R472H
transgenic lineswere comparablewith those present inWTand
p1-GFP seedlings (Fig. 3B). These findings, combinedwith pre-
vious work, strongly suggest that constitutive activation of
phot1 compromises its stability inArabidopsis. This conclusion
agrees with recent results obtained for the non-phototropic
seedling 1 (nps1) mutant of tomato (37). The NPS1 locus
encodes an R495H variant of phot1, equivalent to the mutant
studied here in Arabidopsis. This locus severely reduces the
protein level of WT phot1 in heterozygous F1 plants (37). Sim-
ilarly, we found that the presence of phot1 R472H, but not
phot1-GFP, could reduce WT phot1 protein levels in the F1
crosses (Fig. 7A). These findings provide further support for
intermolecular interactions between phot molecules in vivo.
Transphosphorylation between phot molecules could
account for the results obtained here for the F1 crosses. If con-
stitutive phosphorylation reduces phot1 stability, then trans-
phosphorylation of WT phot1 by R472H would be expected to
promote this effect. In support of this hypothesis, we found that
transphosphorylation between phot1 R472H and a kinase-in-
active version of phot1 can be readily detected in vitro (Fig. 7C).
However, it is worth noting that, although phot1 R472H could
reduce the abundance of WT phot1 in the F1 crosses, the elec-
trophoretic mobility of the WT protein did not appear to
change (Fig. 7C). Further investigation is now warranted to
determine sites of intermolecular phosphorylation and their
impact on phot1 stability in vivo.
Functionality of phot1 R472H in Arabidopsis
Autophosphorylation within the kinase activation loop of
phot1 is essential for signaling (6). Our in vivo analysis showed
that the R472H mutation was sufficient to promote phot1
autophosphorylation in the absence of light, as evidenced by the
reduced electrophoretic mobility in etiolated seedlings (Fig.
3A). However, this activity in darkness was not sufficient to
promote NPH3 dephosphorylation (Fig. 4A). We therefore
conclude that, despite exhibiting constitutive kinase activity in
darkness both in vitro (Fig. 1A) and in vivo (Fig. 3A), phot1
R472H cannot activate receptor signaling in Arabidopsis. The
R472H mutant was also not capable of promoting stomatal
opening in darkness or under red light conditions (Fig. 6B). On
the contrary, expression of the kinase domain of phot2 in the
phot1 phot2 double mutant was sufficient to open stomata in
the absence of a blue light stimulus (56). Activity in darkness
was not evident for the p1-GFP R472H lines generated in this
study. Instead, phot1 R472Hwas light-responsive inArabidop-
sis for multiple responses, albeit under higher-light conditions
(Figs. 4–6). The low level of phot1 R472H protein is unlikely to
account for its reduced functionality under weak light condi-
tions because transgenic lines expressing phot1 at levels signif-
icantly lower than WT have been shown to be fully functional
for a range of responses (18, 19, 52, 57). It is therefore possible
that the p1-GFP R472H lines have become adapted to the ele-
vated phosphorylation status of R472H so that receptor signal-
ing is not effective under low-light conditions. Functionality for
phot1 R472Hwas observed under higher light intensities for all
responses studied here and can be attributed to additional
increases in LOV2 photoactivation and receptor autophos-
phorylation. A residual level of light-induced autophosphory-
lation was still detectable for the R472H mutant in vitro (Figs.
1A and 7C), and our double mutant analysis attributed this
activity to LOV2 and not LOV1 (Fig. 1B). Likewise, minor
changes in secondary structure were still detectable for the
phot1 A-LOV2-J region harboring the R472H mutation
(Fig. 2) in response to irradiation. Taken together, our findings
suggest that phot1 R472H does not fully mimic the irradiated
state of the receptor protein, as further increases in LOV2 pho-
toactivation and receptor autophosphorylation can occur at
higher light intensities.
The role of A and J in phot1 activation
Structural changes in both theA- and J-helix are required
for the regulatory action of the LOV2 photoswitch (17). How-
ever, it remains unclear how these helical segments are coordi-
nated to regulate phot1 kinase activity. The A’-LOV2-J pho-
toswitch is proposed to function as a as a dark state repressor
(2). However, the mechanism of repression and how light-
driven conformation changes alleviate this is still not fully
understood. Although our studies withArabidopsis phot1 have
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shown that mutations in either A’ (Fig. 1) or J (20, 32, 33)
disrupt this repression mechanism, they now demonstrate that
such variants do not fully mimic the irradiated state in terms of
functionality. Combined mutagenesis of both of these regions
may be necessary to completely ameliorate the repressive
action of LOV2.
Phosphorylation of two conserved serine residues within the
kinase activation loop of phot1 (Ser-849 and Ser-851) are essen-
tial for receptor signaling (6). Mutation of these sites to alanine
is reported to impair both phot1 (6) and phot2 (8) function
in Arabidopsis, whereas phosphomimetic substitutions with
aspartate are without effect. Interestingly, phot1 mutated in
Ser-849 and Ser-851 still displays an electrophoretic mobility
shift characteristic of receptor autophosphorylation (6). Thus,
we cannot exclude the possibility that these residues are not
constitutively phosphorylated in the R472H mutant. If this is
the case, this could account for the inability of phot1 R472H to
induce receptor signaling in the absence of light. Phosphopro-
teomic analysis is now required to uncover any differences in
the in vivo phosphorylation profiles for phot1 mutants in A’
and J to fully ascertain how each of these regions contributes
to receptor activation and autophosphorylation.
Experimental procedures
Insect cell expression
A recombinant baculovirus was generated using the Bac-
magic transfection kit (MerckMillipore) in accordancewith the
instructions of the supplier. Expression of recombinant phot1
was performed as described previously (5, 10). Amino acid sub-
stitutions were introduced using the QuikChange site-directed
mutagenesis kit (Agilent) with the following primer pairs:
phot1 R472HF/R, phot1 C234A F/R, or phot1 C512A F/R (sup-
plemental Table S1).
In vitro phosphorylation
Kinase assays were performed as described previously (5, 10).
Protein extract (10 g) was either mock-irradiated under red
light or treated for 10 s with white light at a total fluence of
30,000molm2. Reactions were performed for 2min at room
temperature and stopped by addition of SDS sample buffer.
Trans-phosphorylation assays were performed as described
previously (20), except that recombinant proteins were ex-
pressed individually in insect cells, and protein extracts (10 g)
were mixed prior to phosphorylation analysis. Data were quan-
tified from three biological replicates.
Plantmaterial and growth conditions
Wild type (gl-1, ecotype Columbia) and phot1–5 phot2-1 and
phot2-1 mutants have been described previously (58, 59), as
have transgenic Arabidopsis expressing phot1-GFP (60). Seeds
were planted on soil or onMurashige and Skoog salts with 0.8%
agar (w/v). After 4 °C treatment for 3 days, seeds were grown in
a controlled environment room (Fitotron, Weiss-Gallenkamp)
under a 16/8 h 22/18 °C light/dark cycle.
Spectral analysis
For absorbance spectroscopy, the Arabidopsis phot1 LOV1 

2 (amino acid residues 180–628) was expressed and purified as
described previously using the pCAL-n-EK vector (Agilent) to
create anN-terminal calmodulin-binding peptide fusion by cal-
modulin affinity chromatography (20, 31). Absorption spectra
were measured using a Shimadzu MultiSpec-1501 diode array
spectrophotometer at room temperature. The optical path
lengthwas 0.5 cm, andprotein concentrationswere determined
by Bradford protein assay (Bio-Rad) using BSA as standard.
For CD measurements, a DNA fragment encoding the A’-
LOV2-J region of Arabidopsis phot1 (amino acid residues
467–629) was PCR-amplified (supplemental Table S1) and
cloned into the pHS vector (61) by Gibson assembly (New Eng-
land Biolabs) via NcoI and NotI to create an N-terminal tagged
His7-Strep-SUMO fusion. LOV2 protein was expressed and
purified by double affinity chromatography as described previ-
ously (61). CD spectra were recorded with a JASCO J-810 spec-
tropolarimeter at a protein concentration of 0.4 mgml1 using
a 0.02-cm path length quartz cuvette. Protein samples were
irradiated for 5 s (max, 443 nm; half-bandwidth, 10 nm; 0.06
W cm2) with a bluephase 16i dental curing light (Ivoclar
Vivadent).
Plasmid construction and Arabidopsis transformation
The plant transformation vector encoding PHOT1-GFP
R472H under the control of its endogenous promoter was gen-
erated by replacing part of the coding sequence of WT PHOT1
in the binary vector pEZR(K)-LN (60) via SalI and BamHI by
Gibson assembly. Constructs were transformed into the
phot1–5 phot2-1 double mutant with Agrobacterium tumefa-
ciens as described previously (19). T3 lines containing a single
transgene locus were selected for analysis based on segregation
of kanamycin resistance.
Transcript analysis
Total RNA was isolated from 3-day-old etiolated seedlings
using the RNeasy Plant Mini Kit (Qiagen), followed by DNase
treatment (Turbo DNA-free, Thermo Fisher Scientific) and
cDNA synthesis using random hexamers and SuperScript IV
reverse transcriptase (Thermo Fisher Scientific). Quantitative
RT-PCR was performed using primers for PHOT1 and the
internal reference gene IRON SULFUR CLUSTER ASSEMBLY
PROTEIN 1 (ISU1) (supplemental Table S1) with Brilliant III
SYBR Green QPCR Master Mix (Agilent) and a StepOnePlus
(Thermo Fisher Scientific) real-time PCR system.
Immunoblot analysis
Proteins were detected by immunoblotting on nitrocellulose
membraneswith anti-phot1 purified antibodies raised against a
peptide at theC terminus ofArabidopsis phot1 (18), anti-NPH3
antibody (62), and anti-UDP-glucose pyrophosphorylase
(Agrisera AB). Blots were developedwith anti-rabbit HRP-con-
jugated secondary antibody (Promega) and Pierce ECL Plus
Western blotting substrate (Thermo Fisher Scientific).
Phototropism
Three-day-old etiolated seedlings grown vertically on Petri
dishes containing Murashige and Skoog agar were exposed to
light provided by a fluorescent lamp filtered through one layer
of blue Plexiglas for 24 h (20). Images of the seedlings were
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captured using a scanner and hypocotyl curvature was mea-
sured using ImageJ (http://rsb.info.nih.gov/ij/).
Petiole positioning and leaf expansion
Arabidopsis seedlings were grown on soil for 10 days before
representative plants were photographed. Measurement of leaf
expansion was carried out as described previously (4) from
4-week-old plants grown on soil. Leaf areas were measured
before and after uncurling, and the ratio of the curled to
uncurled area was designated the leaf expansion index. Leaf
area was measured using ImageJ software.
Chloroplast photorelocation
Measurements of chloroplast positioning were performed
as described previously (11). Rosette leaves detached from
3-week-old plants grown on soil were placed on agar plates and
irradiatedwith blue light through a 1-mm slit or placed in dark-
ness for 1 h. The plates were placed on a white light transillu-
minator and photographed. Band intensities were quantified
using ImageJ, and the relative band intensities were expressed
as the ratio of irradiated to non-irradiated areas.
Stomatal opening
Stomatal aperturemeasurements from the abaxial epidermis
were performed as described previously (6) using an BX43
microscope (Olympus).
Author contributions—J. M. C. and J. P. designed and directed the
research. J. P., S. I., and S. M. K. planned and performed the experi-
ments. J. M. C., J. P., S. I. S. M. K., S. S., and T. K. analyzed the data.
J. M. C. wrote the manuscript. All authors commented on the
manuscript.
Acknowledgments—We thank Tatsuya Sakai for providing the anti-
NPH3 antibody. We also thank Janet Laird for technical support and
Oskars Zalitis for helpwith initial studies onmutagenesis and protein
production.
References
1. deWit, M., Galvão, V. C., and Fankhauser, C. (2016) Light-mediated hor-
monal regulation of plant growth and development.Annu. Rev. Plant Biol.
67, 513–537
2. Christie, J. M., Blackwood, L., Petersen, J., and Sullivan, S. (2015) Plant
flavoprotein photoreceptors. Plant Cell Physiol. 56, 401–413
3. Christie, J. M. (2007) Phototropin blue-light receptors. Annu. Rev. Plant
Biol. 58, 21–45
4. Takemiya, A., Inoue, S., Doi, M., Kinoshita, T., and Shimazaki, K. (2005)
Phototropins promote plant growth in response to blue light in low light
environments. Plant Cell 17, 1120–1127
5. Christie, J. M., Reymond, P., Powell, G. K., Bernasconi, P., Raibekas, A. A.,
Liscum, E., and Briggs, W. R. (1998) Arabidopsis NPH1: a flavoprotein
with the properties of a photoreceptor for phototropism. Science 282,
1698–1701
6. Inoue, S., Kinoshita, T., Matsumoto, M., Nakayama, K. I., Doi, M., and
Shimazaki, K. (2008) Blue light-induced autophosphorylation of pho-
totropin is a primary step for signaling. Proc. Natl. Acad. Sci. U.S.A. 105,
5626–5631
7. Sullivan, S., Thomson, C. E., Lamont, D. J., Jones,M. A., and Christie, J. M.
(2008) In vivo phosphorylation site mapping and functional characteriza-
tion of Arabidopsis phototropin 1.Mol. Plant 1, 178–194
8. Inoue, S., Matsushita, T., Tomokiyo, Y., Matsumoto, M., Nakayama, K. I.,
Kinoshita, T., and Shimazaki, K. (2011) Functional analyses of the activa-
tion loop of phototropin2 in Arabidopsis. Plant Physiol. 156, 117–128
9. Onodera, A., Kong, S. G., Doi, M., Shimazaki, K., Christie, J., Mochizuki,
N., and Nagatani, A. (2005) Phototropin from Chlamydomonas rein-
hardtii is functional in Arabidopsis thaliana. Plant Cell Physiol. 46,
367–374
10. Sakai, T., Kagawa, T., Kasahara, M., Swartz, T. E., Christie, J. M., Briggs,
W. R., Wada, M., and Okada, K. (2001) Arabidopsis nph1 and npl1: blue
light receptors that mediate both phototropism and chloroplast reloca-
tion. Proc. Natl. Acad. Sci. U.S.A. 98, 6969–6974
11. Sullivan, S., Petersen, J., Blackwood, L., Papanatsiou,M., andChristie, J.M.
(2016) Functional characterization of Ostreococcus tauri phototropin.
New Phytol. 209, 612–623
12. Christie, J.M., Salomon,M.,Nozue, K.,Wada,M., andBriggs,W. R. (1999)
LOV (light, oxygen, or voltage) domains of the blue-light photoreceptor
phototropin (nph1): binding sites for the chromophore flavinmononucle-
otide. Proc. Natl. Acad. Sci. U.S.A. 96, 8779–8783
13. Möglich, A., Yang, X., Ayers, R. A., and Moffat, K. (2010) Structure and
function of plant photoreceptors. Annu. Rev. Plant Biol. 61, 21–47
14. Kennis, J. T., Crosson, S., Gauden, M., van Stokkum, I. H., Moffat, K., and
van Grondelle, R. (2003) Primary reactions of the LOV2 domain of pho-
totropin, a plant blue-light photoreceptor. Biochemistry 42, 3385–3392
15. Salomon, M., Christie, J. M., Knieb, E., Lempert, U., and Briggs, W. R.
(2000) Photochemical and mutational analysis of the FMN-binding do-
mains of the plant blue light receptor, phototropin. Biochemistry 39,
9401–9410
16. Swartz, T. E., Corchnoy, S. B., Christie, J.M., Lewis, J.W., Szundi, I., Briggs,
W. R., and Bogomolni, R. A. (2001) The photocycle of a flavin-binding
domain of the blue light photoreceptor phototropin. J. Biol. Chem. 276,
36493–36500
17. Christie, J. M., Gawthorne, J., Young, G., Fraser, N. J., and Roe, A. J. (2012)
LOV to BLUF: flavoprotein contributions to the optogenetic toolkit.Mol.
Plant 5, 533–544
18. Cho, H. Y., Tseng, T. S., Kaiserli, E., Sullivan, S., Christie, J. M., and Briggs,
W. R. (2007) Physiological roles of the light, oxygen, or voltage domains of
phototropin 1 and phototropin 2 in Arabidopsis. Plant Physiol. 143,
517–529
19. Christie, J. M., Swartz, T. E., Bogomolni, R. A., and Briggs, W. R. (2002)
Phototropin LOVdomains exhibit distinct roles in regulating photorecep-
tor function. Plant J. 32, 205–219
20. Kaiserli, E., Sullivan, S., Jones, M. A., Feeney, K. A., and Christie, J. M.
(2009) Domain swapping to assess the mechanistic basis of Arabidopsis
phototropin 1 receptor kinase activation and endocytosis by blue light.
Plant Cell 21, 3226–3244
21. Okajima, K., Aihara, Y., Takayama, Y., Nakajima, M., Kashojiya, S., Hi-
kima, T., Oroguchi, T., Kobayashi, A., Sekiguchi, Y., Yamamoto, M., Su-
zuki, T., Nagatani, A., Nakasako, M., and Tokutomi, S. (2014) Light-in-
duced conformational changes of LOV1 (light oxygen voltage-sensing
domain 1) and LOV2 relative to the kinase domain and regulation of
kinase activity in Chlamydomonas phototropin. J. Biol. Chem. 289,
413–422
22. Sullivan, S., Thomson, C. E., Kaiserli, E., and Christie, J. M. (2009) Inter-
action specificity ofArabidopsis 14–3-3 proteins with phototropin recep-
tor kinases. FEBS Lett. 583, 2187–2193
23. Nakasako, M., Iwata, T., Matsuoka, D., and Tokutomi, S. (2004) Light-
induced structural changes of LOVdomain-containing polypeptides from
Arabidopsis phototropin 1 and 2 studied by small-angle X-ray scattering.
Biochemistry 43, 14881–14890
24. Halavaty, A. S., and Moffat, K. (2013) Coiled-coil dimerization of the
LOV2 domain of the blue-light photoreceptor phototropin 1 from Arabi-
dopsis thaliana. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 69,
1316–1321
25. Zayner, J. P., Antoniou, C., and Sosnick, T. R. (2012) The amino-terminal
helix modulates light-activated conformational changes in AsLOV2. J.
Mol. Biol. 419, 61–74
26. Harper, S. M., Neil, L. C., and Gardner, K. H. (2003) Structural basis of a
phototropin light switch. Science 301, 1541–1544
Impact of A on Phot1 signaling
J. Biol. Chem. (2017) 292(33) 13843–13852 13851
 at G
lasgow
 U
niversity Library on Septem
ber 11, 2017
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
27. Pfeifer, A., Mathes, T., Lu, Y., Hegemann, P., and Kottke, T. (2010) Blue
light induces global and localized conformational changes in the kinase
domain of full-length phototropin. Biochemistry 49, 1024–1032
28. Nozaki, D., Iwata, T., Ishikawa, T., Todo, T., Tokutomi, S., andKandori, H.
(2004) Role of Gln1029 in the photoactivation processes of the LOV2
domain in Adiantum phytochrome3. Biochemistry 43, 8373–8379
29. Crosson, S., and Moffat, K. (2002) Photoexcited structure of a plant pho-
toreceptor domain reveals a light-driven molecular switch. Plant Cell 14,
1067–1075
30. Nash, A. I., Ko, W. H., Harper, S. M., and Gardner, K. H. (2008) A con-
served glutamine plays a central role in LOV domain signal transmission
and its duration. Biochemistry 47, 13842–13849
31. Jones, M. A., and Christie, J. M. (2008) Phototropin receptor kinase acti-
vation by blue light. Plant Signal. Behav. 3, 44–46
32. Jones, M. A., Feeney, K. A., Kelly, S. M., and Christie, J. M. (2007) Muta-
tional analysis of phototropin 1 provides insights into the mechanism
underlying LOV2 signal transmission. J. Biol. Chem. 282, 6405–6414
33. Harper, S. M., Christie, J. M., and Gardner, K. H. (2004) Disruption of the
LOV-J helix interaction activates phototropin kinase activity. Biochem-
istry 43, 16184–16192
34. Aihara, Y., Yamamoto, T., Okajima, K., Yamamoto, K., Suzuki, T., Toku-
tomi, S., Tanaka, K., and Nagatani, A. (2012) Mutations in N-terminal
flanking region of blue light-sensing light-oxygen and voltage 2 (LOV2)
domain disrupt its repressive activity on kinase domain in the Chlamy-
domonas phototropin. J. Biol. Chem. 287, 9901–9909
35. Freddolino, P. L., Gardner, K. H., and Schulten, K. (2013) Signaling mech-
anisms of LOV domains: new insights from molecular dynamics studies.
Photochem. Photobiol. Sci. 12, 1158–1170
36. Takeda, K., Nakasone, Y., Zikihara, K., Tokutomi, S., and Terazima, M.
(2013) Dynamics of the amino-terminal and carboxyl-terminal helices of
Arabidopsis phototropin 1 LOV2 studied by the transient grating. J. Phys.
Chem. B 117, 15606–15613
37. Sharma, S., Kharshiing, E., Srinivas, A., Zikihara, K., Tokutomi, S., Naga-
tani, A., Fukayama, H., Bodanapu, R., Behera, R. K., Sreelakshmi, Y., and
Sharma, R. (2014) A dominant mutation in the light-oxygen and voltage2
domain vicinity impairs phototropin1 signaling in tomato. Plant Physiol.
164, 2030–2044
38. Kasahara, M., Swartz, T. E., Olney, M. A., Onodera, A., Mochizuki, N.,
Fukuzawa, H., Asamizu, E., Tabata, S., Kanegae, H., Takano, M., Christie,
J. M., Nagatani, A., and Briggs, W. R. (2002) Photochemical properties of
the flavin mononucleotide-binding domains of the phototropins from
Arabidopsis, rice, and Chlamydomonas reinhardtii. Plant Physiol. 129,
762–773
39. Katsura, H., Zikihara, K., Okajima, K., Yoshihara, S., and Tokutomi, S.
(2009) Oligomeric structure of LOV domains inArabidopsis phototropin.
FEBS Lett. 583, 526–530
40. Christie, J. M., Corchnoy, S. B., Swartz, T. E., Hokenson, M., Han, I. S.,
Briggs,W. R., and Bogomolni, R. A. (2007) Steric interactions stabilize the
signaling state of the LOV2 domain of phototropin 1. Biochemistry 46,
9310–9319
41. Corchnoy, S. B., Swartz, T. E., Lewis, J. W., Szundi, I., Briggs, W. R., and
Bogomolni, R. A. (2003) Intramolecular proton transfers and structural
changes during the photocycle of the LOV2 domain of phototropin 1.
J. Biol. Chem. 278, 724–731
42. Knieb, E., Salomon, M., and Rüdiger, W. (2005) Autophosphorylation,
electrophoretic mobility and immunoreaction of oat phototropin 1 under
UV and blue Light. Photochem. Photobiol. 81, 177–182
43. Fankhauser, C., and Christie, J. M. (2015) Plant phototropic growth.Curr.
Biol. 25, R384–389
44. Liscum, E. (2016) Blue light-induced intracellular movement of phototro-
pins: functional relevance or red herring? Front. Plant. Sci. 7, 827
45. Christie, J. M., and Murphy, A. S. (2013) Shoot phototropism in higher
plants: new light through old concepts. Am. J. Bot. 100, 35–46
46. Pedmale, U. V., and Liscum, E. (2007) Regulation of phototropic signaling
inArabidopsis via phosphorylation state changes in the phototropin 1-in-
teracting protein NPH3. J. Biol. Chem. 282, 19992–20001
47. Inoue, S., Kinoshita, T., Takemiya, A., Doi, M., and Shimazaki, K. (2008)
Leaf positioning of Arabidopsis in response to blue light. Mol. Plant 1,
15–26
48. de Carbonnel, M., Davis, P., Roelfsema, M. R., Inoue, S., Schepens, I.,
Lariguet, P., Geisler, M., Shimazaki, K., Hangarter, R., and Fankhauser, C.
(2010) The Arabidopsis phytochrome kinase substrate 2 protein is a pho-
totropin signaling element that regulates leaf flattening and leaf position-
ing. Plant Physiol. 152, 1391–1405
49. Kong, S. G., and Wada, M. (2014) Recent advances in understanding the
molecular mechanism of chloroplast photorelocation movement.
Biochim. Biophys. Acta 1837, 522–530
50. Suetsugu, N., Kagawa, T., and Wada, M. (2005) An auxilin-like J-domain
protein, JAC1, regulates phototropin-mediated chloroplast movement in
Arabidopsis. Plant Physiol 139, 151–162
51. Kinoshita, T., Doi, M., Suetsugu, N., Kagawa, T., Wada, M., and
Shimazaki, K. (2001) Phot1 and phot2 mediate blue light regulation of
stomatal opening. Nature 414, 656–660
52. Sullivan, S., Takemiya, A., Kharshiing, E., Cloix, C., Shimazaki, K. I., and
Christie, J. M. (2016) Functional characterization of Arabidopsis pho-
totropin 1 in the hypocotyl apex. Plant J. 88, 907–920
53. Preuten, T., Blackwood, L., Christie, J.M., and Fankhauser, C. (2015) Lipid
anchoring of Arabidopsis phototropin 1 to assess the functional signifi-
cance of receptor internalization: should I stay or should I go?New Phytol.
206, 1038–1050
54. Sullivan, S., Kaiserli, E., Tseng, T. S., and Christie, J. M. (2010) Subcellular
localization and turnover of Arabidopsis phototropin 1. Plant Signal. Be-
hav. 5, 184–186
55. Herman, E., and Kottke, T. (2015) Allosterically regulated unfolding of the
A’ helix exposes the dimerization site of the blue-light-sensing aureo-
chrome-LOV domain. Biochemistry 54, 1484–1492
56. Kong, S. G., Kinoshita, T., Shimazaki, K., Mochizuki, N., Suzuki, T., and
Nagatani, A. (2007) The C-terminal kinase fragment of Arabidopsis pho-
totropin 2 triggers constitutive phototropin responses. Plant J. 51,
862–873
57. Doi, M., Shigenaga, A., Emi, T., Kinoshita, T., and Shimazaki, K. (2004) A
transgene encoding a blue-light receptor, phot1, restores blue-light re-
sponses in the Arabidopsis phot1 phot2 double mutant. J Exp Bot 55,
517–523
58. Kagawa, T., Sakai, T., Suetsugu, N., Oikawa, K., Ishiguro, S., Kato, T.,
Tabata, S., Okada, K., andWada,M. (2001)ArabidopsisNPL1: a phototro-
pin homolog controlling the chloroplast high-light avoidance response.
Science 291, 2138–2141
59. Liscum, E., and Briggs, W. R. (1995) Mutations in the NPH1 locus of
Arabidopsis disrupt the perception of phototropic stimuli. Plant Cell 7,
473–485
60. Sullivan, S., Hart, J. E., Rasch, P., Walker, C. H., and Christie, J. M. (2016)
Phytochrome A mediates blue-light enhancement of second-positive
phototropism in Arabidopsis. Front. Plant Sci. 7, 290
61. Christie, J. M., Arvai, A. S., Baxter, K. J., Heilmann,M., Pratt, A. J., O’Hara,
A., Kelly, S. M., Hothorn, M., Smith, B. O., Hitomi, K., Jenkins, G. I., and
Getzoff, E. D. (2012) Plant UVR8 photoreceptor senses UV-B by trypto-
phan-mediated disruption of cross-dimer salt bridges. Science 335,
1492–1496
62. Haga, K., Tsuchida-Mayama, T., Yamada, M., and Sakai, T. (2015) Arabi-
dopsis root phototropism 2 contributes to the adaptation to high-intensity
light in phototropic responses. Plant Cell 27, 1098–1112
Impact of A on Phot1 signaling
13852 J. Biol. Chem. (2017) 292(33) 13843–13852
 at G
lasgow
 U
niversity Library on Septem
ber 11, 2017
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
and John M. Christie
Jan Petersen, Shin-ichiro Inoue, Sharon M. Kelly, Stuart Sullivan, Toshinori Kinoshita
phototropin 1
ArabidopsisFunctional characterization of a constitutively active kinase variant of 
doi: 10.1074/jbc.M117.799643 originally published online June 29, 2017
2017, 292:13843-13852.J. Biol. Chem. 
  
 10.1074/jbc.M117.799643Access the most updated version of this article at doi: 
 Alerts: 
  
 When a correction for this article is posted•  
 When this article is cited•  
 to choose from all of JBC's e-mail alertsClick here
Supplemental material:
  
 http://www.jbc.org/content/suppl/2017/06/29/M117.799643.DC1
  
 http://www.jbc.org/content/292/33/13843.full.html#ref-list-1
This article cites 62 references, 25 of which can be accessed free at
 at G
lasgow
 U
niversity Library on Septem
ber 11, 2017
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
